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IMPROVED DATA TELEMETRY SYSTEM FOR 
MULTI-CONDUCTOR WIRELINES 

RELATED U.S. APPLICATION DATA 

[0001] This application claims the benefit of U.S. Provisional Application 
No. 60/305,313, filed July 13, 2001. 

FIELD OF THE INVENTION 

[0002] This invention relates generally to the field of wireline data 
telemetry. Specifically, the invention is an improved data telemetry system for 
use with a conventional multi-conductor wireline. 

BACKGROUND OF THE INVENTION 

[0003] A multi-conductor wireline with integral electrical conductors is often 
used in the oil and gas industry to physically transport a logging tool downhole 
and to transmit data between a downhole tool and a surface station. 
Generally, most of the data transfer involves sending data from the tool to 
recording equipment located on the surface, but certain applications require 
sending data down to the tool from the surface. The wireline may have from 
one to seven or more separate electrical conductors, typically composed of 
copper, depending on the requirements of the application. These conductors 
have electrical insulation and are wrapped in helical strands of high-strength 
armor, which are typically made of steel. In the particular case of 
seven-strand wireline cable, there is a single insulated inner conductor 
wrapped by a helix of six insulated conductors, overlaid by two layers of inner 
and outer armor strands that are wrapped in opposing directions. In many 
applications, each conductor is assigned to a single dedicated analog or 
digital signal. Typical dimensions are about 0.04-inch (1 mm) for the diameter 
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of each conductor and up to 30,000 ft (9146 m) for the length of the wireline, 
although variations from these typical values are common. 

[0004] Electrically, the wireline cable acts as a distributed low-pass filter 
with frequency-dependent coupling, displaying a complex impedance 
characteristic with mutual impedance between conductors. A signal 
transmitted on any given channel (consisting of a voltage difference between 
two terminals) is subjected to attenuation (or reduction in signal amplitude) 
between the input signal and the output signal. This attenuation typically 
increases with frequency and is a result of "self-impedance." Self impedance 
is the resistance, capacitance and inductance of an individual conductor. 
Also, transmitting a signal on one set of conductive paths generates a 
corresponding signal on other paths by the existence of "mutual impedance" 
that results from capacitive and inductive coupling between the conductors. 
This coupling is known as crosstalk. Typically, for transmission systems such 
as a conventional multi-conductor wireline, the amplitude of the induced 
crosstalk signal increases with the frequency of the input signal. 

[0005] As more fully described in U.S. Patent Nos. 5,747,750 and 
5,917,160 (Bailey, et al), a method has been developed to extend the 
usefulness of this conventional wireline to a greater number of data signals 
and to increase the maximum frequency bandwidth of these signals. In 
particular, this method was designed for use with a Triaxial Borehole Seismic 
(TABS) downhole logging tool to record microseismic acoustic data that are 
emitted by formations after fluids injection at fracturing rates. The TABS 
fracture mapping technology uses a relatively inexpensive, reusable, clamped 
logging tool and specialized data analysis methods to locate microseismic 
events. The induced fracture geometry may be inferred from maps composed 
of collections of such event source locations. Fracture azimuth, length, 
height, and orientation (vertical or horizontal) may be estimated from this data. 
Such data may be critical for optimizing the field development plan of a 
fracture stimulated reservoir. 
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[0006] Modern logging tools (e.g., TABS) are capable of producing large 
quantities of information characterizing subsurface formations. This 
information must be communicated or transmitted to the surface so that it may 
be utilized (e.g., to locate underground oil deposits or identify fracture 
propagation geometry). Data telemetry is no simple task since the number of 
signals to be transmitted may exceed the number of conductors, hereinafter 
referred to as "telemetric conductors," available in the wireline. Moreover, 
signal attenuation and frequency-dependent crosstalk commonly occur at 
higher frequencies in the data telemetry process, limiting the signal 
bandwidth. 

[0007] Multi-channel frequency-modulated (FM) telemetry as described in 
the Bailey et al. patents was developed for the first generation of the TABS 
tool. Signal transmission by frequency modulation is preferred to amplitude 
modulation because the signal amplitude is significantly attenuated along the 
wireline, but the signal frequencies are preserved. At the surface data 
recorder, each frequency can be selected and demodulated to recover a 
facsimile of the original signal. In the prior art TABS system, seven channels 
of seismic data are transmitted on FM signals over four conductors, leaving 
three conductors for other uses. Data that is transmitted on these wire pairs 
have a bandwidth that begins to roll off significantly at 20 kHz (depending on 
the specific wireline configuration), limiting signal detectability at higher 
frequencies. Appropriate frequency spacing between channels is required for 
proper signal separation, and the overall design constraints force the use of 
lower frequency carrier channels that impose an overall bandwidth limit of 
about 500 Hz on the modulating and recovered signals. 

[0008] U.S. Patent No. 4,796,026 (Hammond) proposes a piezoelectric 
transducer for noise logging applications. Downhole circuitry is used to 
convert the noise signal amplitude to a variable pulse rate, similar to a 
voltage-to-frequency conversion process. In this reference, there is no 
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discussion of transmission of downhole signals to the surface over multiple 
conductors. 

[0009] In U.S. Patent No. 3,514,750 (Pritchett), a multiple conductor 
encoding scheme for transmission of digitized signals is described. To 
mitigate the effects of wireline impedance coupling, signals of opposite 
polarity are transmitted simultaneously on alternate conductors. Encoding 
methods for 3, 4, 6, and 7 conductors are disclosed. 

[0010] U.S. Patent No. 5,062,084 (Schoepf) specifies a system for 
operating a downhole-digitizing acoustic tool on seven conductor wireline. 
Two conductors provide power, and the remaining cables provide digital data 
telemetry, including downlink communication in addition to the uplink data 
transfer. The system has distinct recording and transmitting modes. 
Therefore, Schoepf s downhole digitizing acoustic tool cannot provide full 
real-time data telemetry. 

[0011] Finally, U.S. Patent No. 4,646,083 (Woods) describes a system by 
which an analog signal is transmitted on a FM channel over a pair of wires. 
The frequency is not defined in the claims, but a value of 15 kHz is cited in the 
preamble. This signal is the summation of two square waves with frequencies 
that are proportional to two DC values, such as temperature and pressure. 
This reference does not consider the use of additional conductors or the 
assignment of conductors to particular signals to mitigate wireline impedance. 

[0012] Previous attempts to address wireline telemetry have been based 
on the concepts of digital encoding, transmission of low frequency signals, 
and avoiding simultaneous transmission of multiple signals. The prior art 
does not include methods to transmit analog or digital signals at frequencies 
in excess of 20 kHz on oilfield wirelines of practical length and construction. 

[0013] Accordingly, there is a need for an improved data telemetry system 
whereby analog or digital signals of up to 100 kHz can be transmitted uphole 
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in a manner such that signal attenuation and crosstalk are reduced 
significantly. Preferably, this transmitted signal can contain multiple FM 
carrier bands in order to transmit multiple channels of analog or digital data 
that individually have bandwidths up to 3 kHz or higher. For maximum utility, 
the system must be capable of transmitting a large number of signals, far in 
excess of the number of conductor pairs available on the wireline. 

SUMMARY OF THE INVENTION 

[0014] In one embodiment, the present invention is a method to achieve a 
favorable reduction in attenuation and crosstalk transmission characteristics 
on a wireline having at least three telemetric conductors. This method 
comprises (a) connecting one end of the wireline to a data transmittal means 
at the first location and the other end of the wireline to a data receiver means 
at the second location, the data transmittal means having first and second 
output terminals, the data receiver means having first and second input 
terminals, wherein (1) at least two of the conductors are connected to the first 
output terminal of the data transmittal means and to the first input terminal of 
the data receiver means, and (2) at least one of the conductors is connected 
to the second output terminal of the data transmittal means and to the second 
input terminal of the data receiver means; (b) generating the data signal at the 
first location; (c) transmitting the data signal from the data transmittal means 
through the wireline to the data receiver means; and (d) receiving the data 
signal at the second location. 

[001 5] A second embodiment comprises (a) connecting one end of the 
wireline to a data transmittal means at the first location and the other end of 
the wireline to a data receiver means at the second location, the data 
transmittal means having first and second output terminals, the data receiver 
means having first and second input terminals, wherein (1) at least two of the 
conductors are connected to the first output terminal of the data transmittal 
means and to the first input terminal of the data receiver means, and (2) at 
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least one of the conductors is connected to the second output terminal of the 
data transmittal means and to the second input terminal of the data receiver 
means; (c) generating the data signal at the first location; (d) digitizing the 
data signal; (e) modulating the digitized data signal to frequency-modulated 
carrier signals; (f) transmitting the frequency-modulated carrier signals from 
the data transmittal means through the wireline to the data receiver means; 
(g) receiving the frequency-modulated carrier signal at the second location; 
and (h) demodulating the frequency-modulated carrier signals to recover the 
data signal. 

[0016] The apparatus is a data telemetry system for use in transmitting a 
plurality of data signals from a first location to a second location. The 
apparatus comprises: (a) a multi-conductor wireline extending from the first 
location to the second location, the multi-conductor wireline containing at least 
three conductors; (b) data transmittal means at the first location for (1) 
converting the plurality of data signals into frequency modulated data signals, 
each of the frequency modulated data signals having a different center carrier 
frequency in the range of from about 1 kHz to about 100 kHz, (2) summing the 
frequency modulated signals to create a data input signal, and (3) transmitting 
the data input signal through the multi-conductor wireline, the data transmittal 
means having first and second output terminals; (c) and data receiver means 
at the second location for (1) receiving the data signal from the multi- 
conductor wireline, (2) separating the data input signal into the frequency 
modulated signals, and (3) demodulating the frequency modulated signals to 
obtain the plurality of data signals, the data receiver means having first and 
second input terminals; (d) wherein two of the conductors are connected at 
one end to the first output terminal of the data transmittal means and at the 
other end to the first input terminal of the data receiver means, and at least 
one of the conductors is connected at one end to the second output terminal 
of the data transmittal means and at the other end to the second input 
terminal of the data receiver means. 
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[0017] This invention is well suited to FM encoded data telemetry whereby 
multiple input signals are used to modulate multiple carrier frequencies. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] The present invention and its advantages will be better understood 
by referring to the following detailed description and the attached drawings in 
which: 

[0019] FIG. 1 is a schematic illustration of the prior art TABS tool data 
telemetry configuration, as described in U.S. Patent Nos. 5,747,750 and 
5,917,160. 

[0020] FIG. 2 is a schematic illustration of the test evaluation configuration 
to characterize the prior art TABS tool data telemetry method. 

[0021] FIG. 3 illustrates the test evaluation results for the prior art method, 
showing the telemetry system input-output frequency response, including both 
self-impedance and mutual impedance effects. 

[0022] FIG. 4 is a schematic illustration of the test configuration of one 
embodiment of the present invention, illustrating the method of pairing 
opposing wires on two terminals. 

[0023] FIG. 5 illustrates the test evaluation results for the inventive 
method, for the specific embodiment of FIG. 4. 

[0024] FIG. 6 is a schematic illustration of a test configuration used to 
illustrate the embodiment of pairing of opposing wires on one terminal only. 

[0025] FIG. 7 illustrates the test evaluation results for the self-impedance 
characterization of the systems illustrated in FIGS. 2, 4, and 6. 

[0026] FIG. 8 is a schematic illustration of a telemetry system for the TABS 
tool that uses the inventive method as shown in FIG. 4. 
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[0027] FIG. 9 is a graph showing the frequency response for different 
termination characteristics (resistor R and capacitor C values) at the terminals 
of the surface transformer as illustrated in FIG. 8. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0028] In the following detailed description, the invention will be described 
in connection with its preferred embodiments. However, to the extent that the 
following description is specific to a particular embodiment or a particular use 
of the invention, this is intended to be illustrative only. Accordingly, the 
invention is not limited to the specific embodiments described below, but 
rather, the invention includes all alternatives, modifications, and equivalents 
falling within the true scope of the appended claims. 

[0029] Conventional multi-strand wirelines that are widely available in the 
oilfield often have seven conductors. This is commonly known as "open-hole 
wireline" because it is generally used for formation evaluation logging tools. 
However, it may also be used for certain cased-hole logging tools. The 
number of strands typically limits the number of channels of data that may be 
transmitted to the surface. Since electrical power is usually required, often 
there are no more than six available data channels. The frequency bandwidth 
that may be transmitted is also limited, since frequencies in excess of 20 kHz 
are often severely attenuated and the transfer function (relationship of input 
and output of the system) becomes more irregular. The electrical impedance 
of long wirelines (often in excess of 20,000 ft) tends to limit the upper 
frequency bandwidth of these data because of signal attenuation and 
crosstalk. 

[0030] FIGS. 1 and 2 illustrate the current TABS tool telemetry 
configuration, showing the use of four conductors 18 within wireline 1 1 to 
transmit data on nine FM channels at carrier frequencies from 3 to 20 kHz. 
The transformers 15 and 16 (T1 through T6) are all identical devices. 
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Transformers T1 and T3 are each connected across pairs of wireline 
conductors 18 at the downhole tool. These conductors 18 are connected to 
transformers T2 and T4, respectively, at the surface. Transformers T5 and T6 
each have one lead connected to the centertap lead of the other two 
transformers (i.e. T5 is connected across the centertaps of T1 and T3 at the 
downhole tool, and similarly, T6 is connected across T2 and T4 at the 
surface). 

[0031] The input (downhole) transformers 16 are arranged as 
7:1 step-down transformers at the input end to the wireline 1 1 and 1 :7 step-up 
output transformers 15 at the receiver end. It is desirable to reduce the 
voltage and increase the current of the signal to propagate the signal on the 
wireline with lower losses. The particular transformer designed and built for 
this application is fabricated on a 2616 core, consisting of a primary coil and 
secondary bifilar windings on a bobbin of 26 mm diameter and 16 mm height. 
The wire used is known as "magnet wire" and is typically 28 to 32 gauge wire 
with enamel insulation. The transformer efficiency is in the range of 95% to 
98%. 

[0032] The downhole tool and surface equipment, as shown in FIG. 1 , are 
known in the art (i.e., U.S. Patent Nos. 5,747,750 and 5,917,160). The 
downhole tool and surface equipment can be modified to use the new 
telemetry method described herein. Therefore, the improved method for data 
telemetry can provide improved transfer of data between the downhole tool 
and the surface equipment. 

[0033] In the prior method, the signal fed into each downhole transformer 
16 consists of the summation of three FM signals. For example, the 5, 10, 
and 20 kHz channels are summed and input to T1 , the 3, 6, and 12 kHz 
channels are summed and input to T3, and the 4, 8, and 16 KHz channels are 
summed and input to T5. In general, a longer wireline length has greater 
attenuation at higher frequencies. In the absence of wireline crosstalk, the 
signal received at T2 would be that input to T1 , only with 
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frequency-dependent amplitude attenuation that depends on the wireline 
length and impedance. By design, this would relax the filter design 
parameters necessary to recover the individual 5, 10, and 20 kHz channels. 
However, with the conductor assignments shown in FIGS. 1 and 2, depending 
on the wireline 1 1 length and specific configuration, these signals couple into 
the signals on the T3-T4 and T5-T6 pairs of transformers. Therefore, it was 
necessary to design the banks of bandpass filters 14 at the surface unit to 
reject all frequencies except the desired signal frequency. 

[0034] FIG. 2 schematically illustrates the test configuration on a 
22,300 foot wireline 1 1 to evaluate the prior art TABS tool data telemetry 
method. The wireline 11 includes seven conductors numbered 1 through 7. 
Each conductor, except for the center conductor 7, is crosswise-paired or 
opposite to another conductor when the wireline 1 1 is cut perpendicularly. In 
the prior art data telemetry method there are three input data signals (A,, Bi, 
and Ci) with the corresponding output data signals (A 0 , B 0 , and Co). One 
terminal of each transformer 16 from the telemetry input or data transmittal 
means is connected or tied electrically (i.e., by a wire connection) 17 to a 
terminal strip 19 which is then electrically connected to an individual 
conductor 18 in a seven conductor wireline 11. 

[0035] FIG. 3 characterizes the effects of attenuation on one leg of a 
system configured as shown in FIGS. 1 and 2 operating on a 22,300 ft 
wireline. For the specific wireline impedance of this example, the response 
reaches a peak value of -5 dB at 4 kHz. The nondimensional unit of the 
decibel (dB) is used commonly in signal processing. It is a logarithmic 
transform such that the value in dB is equal to 20 times the log of the 
amplitude ratio. Thus, each 6 dB of attenuation corresponds to an amplitude 
reduction of a factor of two, and additive amounts on the decibel scale are 
multiplicative on a linear scale. Therefore, an attenuation of 6 dB corresponds 
to an amplitude reduction of a factor of 2; attenuation of 12 dB corresponds to 
an amplitude ratio of 4; attenuation of 18 dB is an amplitude ratio of 8; 24 dB 
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is a ratio of 16; 30 dB of attenuation is a ratio of 32; 36 dB is a reduction factor 
of 64. 

[0036] The frequency response 31 declines from -12 dB at 10 kHz to 
-24 dB at 20 kHz, varies between -20 to -24 dB to about 50 kHz, and then falls 
from -24 dB at 50 kHz to -42 dB at 100 kHz. The variable peaks and valleys 
in the response make compensation filtering difficult, particularly in that these 
specific deviations will vary with wireline length and other specific factors that 
are individual to each unit and will thus be subject to significant variability in a 
field environment. 

[0037] The crosstalk that results from mutual impedance between 
conductors is also illustrated in FIG. 3. The lower response curves 
correspond to signals measured on two other conductor pairs (1 & 4) 33 and 
(5 & 6) 35 that result from transmission of a signal on the original conductor 
pair (2 & 3) 31 . Beyond about 60 kHz, the signals on the conductor 
pairs (1 & 4) 33 and (5 & 6) 35 are nearly as strong as the transmitted signal 
(2&3)31. 

[0038] These characteristics pose difficulty in signal reconstruction, both 
because of the amount of gain required to recover the mean downhole signal 
amplitude and the variability of the response at different frequencies within the 
desired bandwidth of 10 to 100 kHz. Experience with the system designed 
and built according to FIGS. 1 and 2 has shown that the lower frequency 
channels are marginally acceptable for seismic data transmission, with 
amplitude and phase response that are inferior to the channels above 10 kHz. 
The carrier frequency should be at least ten times the frequency of the 
desired input signal bandwidth for high fidelity reconstruction. 

[0039] According to the present invention, the limitations imposed on 
downhole data telemetry to the surface are reduced by increasing the number 
of transmitted channels and by utilization of higher frequency carrier channels 
than can be normally transmitted on conventional seven-strand wireline cable. 
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Specifically, the telemetry method of the present invention increases the 
number of available channels and increases the transmitted data bandwidth 
relative to the system described in FIGS. 1 , 2, and 3. 

[0040] One embodiment is to use carrier frequencies at successive 
multiples of each other. To avoid excessive filtering, successive frequencies 
should be at least a multiple of 1.1 (e.g., 10, 11, 12.1, 13.3. ..kHz). 
Furthermore, to fit a favorable number of channels, the multiple should not be 
more than 10 (e.g., 1,10, 100 kHz). A preferred embodiment is to choose a 
multiple of about 1 .25 starting at about 15 kHz. The selection of a group 
consisting of 14.9, 18.7, 23.3, 29.2, 36.5, 45.5, 57.0, 71.2, 89.0 kHz is one 
such choice. Another embodiment is to choose carrier frequencies that are 
prime numbers. Use of prime numbers for the carrier frequency can limit 
harmonic interference. Harmonic interference is when any integral multiple of 
a carrier frequency falls within a bandwidth of another carrier frequency. 

[0041] FIG. 4 is a schematic that illustrates one embodiment of the 
invention and the test configuration that was used to evaluate the invention. 
An input signal consisting of a swept sine wave was applied to the "Telemetry 
Input," and the output signal was received at the "Telemetry Output." The 
signal was transmitted through a 22,300 foot wireline. A modern electronic 
instrument, such as a Stanford Research Systems SRS785 spectrum 
analyzer, may be used to provide the input signal and to process/display the 
output signal. 

[0042] For the embodiment illustrated in FIG. 4, one terminal of each 
transformer (terminals 15a and 16a) is tied to conductors 1 & 4, and the other 
terminals (15b and 16b) are connected to conductors 2 & 5. It should be 
noted that conductors 1 & 4 and conductors 2 & 5 are crosswise-paired or 
"opposing pairs." Other examples of wireline configurations of groups of two 
opposite or crosswise-paired conductors include the groups consisting of the 
following conductors: 1 & 4 and 2 & 5, 1 & 4 and 3 & 6, 2 & 5 and 1 & 4, 2 & 5 
and 3 & 6, 3 & 6 and 2 & 5, 3 & 6 and 1 & 4. 
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[0043] This means that conductor 4 is located on the opposite side of 
wireline 1 1 from conductor 1 and, similarly, conductor 5 is opposite conductor 
2. The selection of specific pairs is arbitrary, so long as each conductor wire 
is tied to the opposing wire (pairing with opposite conductors). There was 
improvement in the frequency response for alternative arrangements, such as 
connecting one terminal to conductors 1 & 2 and the other terminal to 4 & 5, 
but these alternatives were found to be inferior to using opposing pairs. 

[0044] FIG. 5 illustrates the frequency response for the embodiment shown 
in FIG. 4 (pairing conductors 1 & 4 and 2 & 5) 51 . The peak response 51 is 
-4 dB at 3 kHz, with a smooth and gradual decline to -27 dB at 100 kHz. Over 
the frequency range from 10 to 100 kHz, only 15 dB of attenuation is 
observed, indicating a steady response characteristic with no drastic 
attenuation changes. This is a significant improvement to the response seen 
in FIG. 3, in which a 30 dB decline is seen in a very uneven fashion from 
10 kHz to 100 kHz. Note that a decline of 15 dB is a factor of 5.6 reduction in 
signal amplitude, whereas a 30 dB decline corresponds to a factor of 32 
reduction in signal strength. A compensation filter for the system of FIG. 5 is 
far more readily obtained, because there are no peaks and valleys and also 
because the reduction in attenuation will increase the signal-to-noise ratio 
significantly. 

[0045] Also shown in FIG. 5 is the frequency response 53 of the signal 
induced on the 3 & 6 conductor pair while transmitting on the 1 & 4 and 2 & 5 
conductor pairs. The scale of the graph had to be modified to show this 
response, because the amplitude is less than -70 dB over the entire frequency 
range. Therefore, this system has very low crosstalk onto other conductors. 

[0046] An alternative embodiment is illustrated in FIG. 6. This method 
uses only three conductors 18 to transmit signals. One terminal of each 
transformer (terminals 15a and 16a) is tied to conductors 1 & 4, and the 
remaining terminals (15b and 16b) are attached to the center conductor 7. 
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This system would be appropriate if a design tradeoff were required so that 
four conductors would be available for other uses. 

[0047] The frequency responses of each of these systems are provided in 
FIG. 7 for comparison. It may be seen that the response of a preferred 
embodiment (transmitting on 1 & 4 and 2 & 5, FIGS. 4 and 5) 51 has the least 
attenuation, and the prior art method (transmitting on 2 and 3, FIGS. 1 , 2, and 
3) 31 has the greatest attenuation. The three-wire system (transmitting on 
1 & 4 and 7) 75 has an intermediate characteristic. The advantage of the 
latter method over the prior art is a modest reduction in attenuation with a 
pronounced reduction in the variability of the response over the desired 
frequency band of 10 to 100 kHz. A compensation filter is far easier to design 
for the system of FIG. 6 than for that of FIG. 2. 

[0048] The system of FIG. 1 may be revised in light of the frequency 
response improvement, resulting in the system of FIG. 8 which is provided to 
illustrate one illustrative means of implementing the inventive method. In 
FIG. 8, the downhole systems are located on the left of the graph, the wireline 
cable 1 1 is in the middle, and the surface receiver systems are on the right 
side. A total often FM channels 82 are identified, including nine seismic 
channels (F1-F9) that support three triads of orthogonal geophones. The 
analog geophone output signals are passed through voltage-controlled 
oscillators (VCOS) 87 to generate sinusoidal signals with small frequency 
variations about center carrier frequencies operating in the range of 10 to 
100 kHz. Thus, the input voltage signals are transformed into signals with 
frequency variations, about distinct carrier frequencies. 

[0049] In the embodiment of FIG. 8, the data transmittal means are the 
transformer 16 located both downhole and on the surface of the earth. 
However, persons skilled in the art would understand that other known 
devices (e.g., high-current output amplifier with isolation at the transmittal 
means and high impedance input device at the receiver means) could be 
used as the data transmittal means and receiver means. 



Express Mail Label No. ET889012225US 
Filed on February 11, 2002 



15 



[0050] One embodiment uses an auxiliary digital telemetry 
voltage-controlled oscillator (VCO) 84 that operates at a lower frequency than 
the analog channels. This "digital FM channel" can be implemented by digital 
modulation of each full or half wave of a sinusoid. For example, a wavelength 
may be modulated at a low frequency (i.e., 3.6 kHz) to transmit a "0" and a 
high frequency (i.e., 4.2 kHz) for a "1". This may be determined by measuring 
the period between zero crossings in the detector and assigning a "0" to a 
long period and a "1" for a short period. This method provides for downhole- 
digitized data to be sent directly uphole. In the system of FIG. 8, there is one 
such digital FM channel F10 that transmits multiplexed digital data from 
several devices (i.e., wellbore pressure, wellbore temperature, tool 
temperature, tool voltage, tool inclination and tool azimuth). The update 
period to service all of the devices is on the order of a few seconds. 

[0051] In the Mixer 86, these FM signals (up to ten or more) are then 
summed together to create a single input signal that contains all of the 
real-time data from this tool. This signal is applied to the inputs of a single 
step-down output transformer 16 and is subsequently transmitted uphole over 
two pairs of wires using the inventive method. The system shown in FIG. 8 
also includes the transmission of an auxiliary casing collar locator (CCL) 89 
signal on the transformer secondary centertap lines. 

[0052] At the surface 83, the signal is applied to the inputs of a 
complementary step-up transformer 1 5. The transformer outputs are then 
passed into a "Surface Input Board" (SIB) 90 which has a compensating 
high-pass filter to balance the signal across the frequency band. The SIB also 
has an automated gain section to boost the signal to a specified level. This 
filter section consists of cascaded sections of a simple RC (resistance and 
capacitance) filter design, with parameters selected to flatten the signal over 
the desired bandwidth and to reject low frequency noise that may be present. 

[0053] FIG. 9 illustrates the signal of the inventive method with no 
compensation (FIG. 5) 51 . The system response with an R value of 5 kQ and 
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no capacitance C (91) and the preferred approach of using a 5 kQ (kilo-ohms) 
resistor R and an 820 pF (picofarads) capacitor C (93) are also shown. The 
compensation filters measurably flatten the system response with some 
reduction in overall signal amplitude. The purpose of the compensation 
filtering is to achieve a small deviation in amplitude response as a function of 
frequency over the desired signal bandwidth of approximately 1 kHz to 100 
kHz. The gain portion of the SIB 90 then increases the signal strength to a 
specified level. 

[0054] The output signal from the compensation filter may then be passed 
into a surface unit system that performs demodulation and signal 
reconstruction, in either the analog or digital domain. As shown in FIG. 8, a 
comb filter (frequency selection filter) or bank of bandpass filters 97 is used to 
select each of the carrier frequencies. The bandpass filters 97 are followed 
by individual signal FM demodulation known to those skilled in the art. The 
recovered signals may have frequency content up to 3 kHz or more and may 
be sampled at 1 0 kHz or higher. The data telemetry rate of a system that 
transmits ten such signals that are sampled at 16 bits at a rate of 10 kHz will 
have a data throughput rate of 200 kBytes/sec. Furthermore, this has been 
accomplished using downhole equipment of relative simplicity, high reliability, 
and low cost. The surface equipment may be upgraded easily to take 
advantage of the latest products offered by the burgeoning digital signal 
processing industry without regard for temperature and space limitations. 

[0055] The telemetry method can be combined with the TABS tool for 
formation fracture plane identification by microseismic monitoring from an 
offset well. Formation fractures are generated by injection of fluids into rocks 
at high pressures (above the fracture gradient of the formation) and typically 
form planar "fracture wings" that are oriented along a specific azimuth angle 
through the injection well. The azimuth angle may be determined within a few 
degrees, either by microseismic monitoring or other methods (i.e., tiltmeter 
fracture monitoring). 
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[0056] A microseismic monitoring tool such as the TABS took may be 
located in an adjacent monitoring well (offset well) or in the well undergoing 
fracture stimulation to record events during and after a fracture stimulation. 
Then the fracture dimensions may be estimated (including growth of the 
fracture during the pumping stages) using direction vectors calculated from 
the microseismic event data. These direction vectors consist of pairs of 
azimuth and inclination angles. The intersection of each of these vectors and 
a plane through the injection wellbore determines points of origin for the 
microseismic sources. A sequence of such points determines a progression 
of microseismic activity that is associated with fracture growth. The telemetry 
method would permit the transmission of a large number of signals that would 
be necessary to monitor the microseismic events during a fracture stimulation. 

[0057] In certain situations (i.e., limited available data quality or quantity), it 
may be feasible to reduce the number of unknowns to two by specifying that 
the source location is constrained to lie in a two-dimensional region in 
three-dimensional space. The constrained region may be described as a 
plane, quadratic surface, or a higher order surface. The constraint reduces 
the number of degrees of freedom in the event solution from three to two. 
The geometry of the constrained surface, and the location of event sources on 
that surface, may be determined by error minimization based on source 
measurements. 

[0058] The telemetry method can be useful in other logging tool designs 
that could accomplish one or more of the following open-hole or cased-hole 
well logging objectives (the list below illustrates representative applications 
but is not meant to be limiting). The list includes: caliper logs; cement bond 
logs; depth logs, including casing collar locator and gamma ray logs; 
downhole video logs; formation resistivity and radial microimager logs; 
neutron logs, including flowing neutron and pulsed neutron capture logs; 
oriented density logs; production logs, including fluid rate, density, and 
capacitance logs; radial differential temperature logs; radioactive tracer logs; 
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sonic, ultrasonic, and noise logs; temperature and pressure logs; and well 
surveying logs. 

[0059] By rearranging the wireline conductor assignments and signal 
mixing, a superior wireline analog signal transfer function is obtained. This 
improved characteristic enables significant revisions to the telemetry, with 
support for more than nine seismic channels that are capable of up to 3 kHz 
bandwidth or more. 

[0060] The foregoing description has been directed to particular 
embodiments of the invention for the purpose of illustrating the invention. It 
will be apparent to persons skilled in the art, however, that many alternatives, 
modifications, and variations to the embodiments described herein are 
possible. All such alternatives, modifications, and variations are intended to 
be within the scope of the present invention, as defined by the appended 
claims. 
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